Rhodiola rosea is an endangered medicinal plant used for cancer, cardiovascular, and nervous system diseases therapy. Due to its limited distribution and sustainability alternative methods for production of its valuable substances are under investigation. Using in vitro techniques apical and rhizome buds, leaf nodes, stem and radix segments from wild plants and in vitro seedlings were plated on 24 modified Murashige and Skoog (1962) media. Decontamination of plant material was successful only in 21% of the schemes. The best shoot induction was obtained from seedling explants on media containing 2 mg/l zeatin or N 6 -benzylaminopurine, each. Their reduction stimulated shoot formation in the next passages (multiplication rate up to 5). Efficient rooting was induced on half-strength MS with 2 mg/l Indole-3-butyric acid and stimulated by adding 0.2 mg/l Indolyl-3-acetic acid. Regenerants rooted in perlite, peat, and soil (1:1:2), adapted in greenhouse, and transplanted in the mountains survived (70%) and developed like the wild plants. Salidroside content of these plants after one or two years was high (0.64 and 0.61% in rhizomes and 0.62 and 0.53% in roots, respectively). This is the first established efficient scheme for micropropagation of Bulgarian R. rosea allowing habitats restoration, germplasm conservation, and potential application of biotechnology for production of valuable substances.
Abbreviations

BAP
-N 6 -benzylaminopurine; GA 3 -Gibberellic acid; IAA -Indolyl-3-acetic acid; IBA -Indole 3-butyric acid; Kin -Kinetin; MS -Murashige and Skoog medium, 1962; NAA -a-naphthyl acetic acid; PFD -photon flux density; TDZ -Thidiazuron; 2-iP -6-(y,y-dimethylallyl amino) purine; 2,4-D -2,4-dichlorophenoxyacetic acid.
Introduction
Rhodiola rosea L. (golden root, roseroot or arctic root, Crassulaceae family) is a herbaceous perennial plant that is widely distributed at high altitudes in arctic and mountainous regions of Europe, Asia and North America. In Bulgaria, the natural habitats of R. rosea are found in rivulet valleys in the alpine and subalpine zone of Rila, Pirin and the Balkan mountains at 2000-2600 m [1] . R. rosea roots and rhizomes are rich in biologically active substances (Radix et Rhizoma Rhodiolae --roseroot or golden root), such as rosavin, rosarin, rosin and salidroside. They are also a source of p-tyrosol, rhodioniside, rhodiolin and rosiridin, which are of much greater pharmaceutical use [2] . These substances are effective against depression and cancer, and help to prevent and treat diseases of the cardiovascular and central nervous system [3] . However, drug production is limited by the availability of plants because of the low seed germination and poor vegetative propagation of wild plants. Due to the limited sustainability of the natural habitats of the species it is endangered and protected by law in Bulgaria and in other countries [4] . Despite the great interest in R. rosea and its phytochemistry, potential applications of biotechnology to its propagation remain underexploited. The first attempt at initiating an in vitro culture occurred 20 years ago [5] and was followed by a few other reports. These reports refer to the effect of different culture media and of various types of explants on ability for callogenesis, organogenesis and regeneration of R. rosea, as well as other factors influencing the induction of differentiated and undifferentiated growth in vitro [6] [7] [8] . Some supplements, like roseroot rhizome crude extracts, could stimulate shoot formation of R. rosea and R. iremelica when added to the media [9] . Ecotype has also proved to be a factor for efficient callogenesis and organogenesis. The relationship between ecotype and culture media was observed when morphogenic potential was examined using seeds and rhizomes from three ecotypes of Rhodiola growing in the High Altai and South Ural regions [8] . Once in vitro cultures are established, research has focused on biotransformation to enhance the production of biologically active substances in Rhodiola callus [10] [11] [12] , and on the micropropagation of plants for the restoration of exhausted habitats [8, 9, 13] , though there no reports as yet of reintroduction in nature.
The aim of this work was to study the in vitro response of explants to develop an efficient method for the large-scale in vitro propagation of Rhodiola rosea so that this endangered Bulgarian natural resource may be restored. This paper is the first in Bulgaria to determine the factors that result in successful in vitro cultures and micropropagation. The resulting method has the potential to be used for reintroducing R. rosea to mountain areas and for the future metabolic engineering of valuable phytochemical substances.
Experimental Procedures
Donor plants and initial in vitro plant material
Seeds, rhizomes and stem material from 2-3 years old Rhodiola rosea wild plants were harvested from their natural environment. The donor ecotype was from Rila
Mountain National Park of Bulgaria, which is a habitat distinguished for the high salidroside content of the rhizome. Eight different types of explants were used for the initiation of in vitro cultures: apical buds (10-12 mm in size), leaf nodes with two adjacent leaves, stem segments (8-10 mm), rhizome buds (10-12 mm) and rhizome segments (10-12 mm) were excised from wild plants. In addition, apical buds (6-8 mm in size), stem segments (8-10 mm) and radix segments (5-6 mm) from the stem base at the root margin were excised from 20-day-old seedlings grown in vitro. 50-160 seeds or 60-90 explants were tested for each experimental variant. Statistical analysis was Sigma Plot 3.1 (Systat Software Inc., SSI).
Decontamination of seeds and explants from wild plants
Seeds and explants from wild plants (depending on their type) were decontaminated by exposing them to a series of sterilizing agents for different lengths of time according to six schemes ( Table 1) . Each procedure was followed by triple rinse in autoclaved distilled water for 5 min, 10 min and 15 min. The choice of the scheme depended on the plant material. Bleach trademark ACE (Procter & Gamble Co., USA) contained 5% active chlorine. A drop of Tween-20 (Sigma-Aldrich) was added into the decontamination solution. For the rhizomes, the entire cover layer was carefully removed and the plant material was thoroughly washed with liquid soap prior to the treatment.
Media composition for in vitro cultivation
Seeds were germinated on filter paper soaked in distilled water (control conditions) or on Murashige and Skoog basal medium (MS) [14] supplemented with 5-150 mg/l gibberellic acid, 20 g/l or 30 g/l sucrose and 4 g/l or 6 g/l agar-agar. A large number of culture media ( Table 2) containing MS basal medium, 30 g/l sucrose, 7 g/l agar-agar and additional phytoregulators in different concentrations and combinations were used for explant 
Determination of biologically active substances
Salidroside content was determined in roots and rhizomes of plants obtained in vitro and grown for one or two years in the wild at the Beglika experimental field of the Institute of Botany, Bulgarian Academy of Sciences, 
Results
Decontamination of R. rosea plant material
Having in mind that the initial material for our investigation was taken from plants growing in the wild, we developed several schemes using a range of sterilizing agents and time periods to sterilize the excised explants. Only three of the fourteen schemeexplant combinations were successful in producing pathogen-free material able to develop in vitro (Table 3) . Ethyl alcohol treatment (scheme 1) was insufficient for the sterilization of 'old' and 'fresh' seeds. Fresh seeds needed longer exposure to EtOH and the addition of bleach (scheme 2) for 100% disinfection and very good germination and ability for further development (96%). Scheme 3, which contains mercuric chloride in addition to alcohol and bleach, was the only protocol that completely decontaminated apical bud explants from wild plants while retaining their viability. Satisfactory decontamination of 34.56% and 45.35% of leaf nodes and stem segments, respectively, was achieved by applying scheme 4, which contains hydrogen peroxide, but the explants failed to develop. Schemes 5 and 6, are similar to scheme 3, but only scheme 6 successfully decontaminated rhizome buds (62.07%) with 34.48% developing further. Adequate sterilization of rhizome and stem explants were obtained using schemes 3 and 4, respectively, but the explants did not develop. Apical buds and adventitious shoots were easier to decontaminate than rhizome segments.
In vitro response of plant material and seeds from wild plants of R. rosea
We used many explants from in vivo and in vitro grown plants and a wide variety of nutrient media and growth conditions because there is little information on in vitro development of this species and because factors like ecotype, endogenous phytohormones, development stage, and season have been reported to influence the in vitro response.
In vitro response of explants from wild golden root
In the first set of experiments wild plant material was plated on a variety of nutrition media (Table 4 and 5) designed to induce callogenesis and organogenesis. The media induced a variety of responses. For example, apical bud cultures on variant MSBI2, which contains low levels of BAP and IAA, grew up and formed a compact green callus, but did not form buds when transferred to organogenesis induction media containing high concentrations of strong cytokinins (BAP or zeatin). Rhizome buds developed on four culture media (containing kinetin, zeatin and 2-iP), the best of which was MSZ1, with 62.5% of the explants forming 4-5 cm tall plantlets. The other three types MSI, MSI2 and MSDK1 produced leaf rosettes. Unexpectedly, the rate of rosette formation was almost the same (51.72 or 53.33%) on MSDK1 and MSI media containing high concentrations of a cytokinin (2-iP) or an auxin (2,4-D). NAA in MSI2 reduced rosette development by half to 20% compared to IAA in MSI. To stimulate bud initiation from the rosette meristem, leaves were isolated and transferred onto four media (MSZ, MSZ2, MSI, MSI1) that differ in cytokinin and auxin content. After a month on zeatin-containing media (MSZ and MSZ2), explants swelled and formed a poor soft callus. All the rosette leaves cultured for 45 days on media containing 2-iP (MSI and MSI2) formed grain-structured calli that differed in texture and colour. In 78% of the cases, calli were compact and green with red spots and small buds, while the remaining 22% of the calli were friable and pale. In contrast to rhizome buds, rhizome segments had no response in vitro on ten media variants -two of them (MSDK and MSDK1) had higher 2,4-D auxin content (assuming callogenesis) and eight media (MSD, MSD1, MSD4, MSP, MSI, MSB, MSZ, MSZ3) had higher concentrations of the cytokinins TDZ, 2-ip, BAP and zeatin (assuming organogenesis).
Stem explants did not develop calli or buds when plated horizontally or vertically on five media (MSDK, MSB, MSZ, MSZ3, MSI) containing various types of cytokinins (kinetin, BAP, zeatin, 2-iP, respectively) and/ or auxins (2,4-D and IAA). Similar results were obtained when stem segments with leaf nodes were used. Even thidiazuron, which is a strong organogenesisinducing agent, was not effective.
In this set of experiments, although a variety of in vitro responses were observed in the 21 combinations of explants and media, the induction of callogenesis and organogenesis was insufficient for micropropagation and for secondary metabolite production. Thus, we turned our attention to using seedlings grown in vitro as the initial source for explants.
In vitro development of seeds and seedlings
Seed germination was observed in a control treatment (water) and in all of the tested media. Germination started on the 7 th day of cultivation and lasted until the 40 th day reaching 15.71 to 96.78% depending on media composition (Table 6 ). Culture media MSG5 and MSG7, which contain gibberellic acid in high concentrations 
In vitro organogenesis induction from seedling explants
Stem segments with leaf nodes and the adjacent leaves excised from seedlings formed calli or new buds on eight tested media ( Table 7) . The induction of organogenesis with the formation of buds, shoots and plantlets ranged from 40 to 85%. The mean number of plantlets from one explant varied from 1.82 to 3.4 depending on the culture media composition. The best regeneration results (85.0 and 78.0%) as well as the highest mean number of plantlets (3.4±0.14 and 2.19±0.16 ) were obtained on zeatin-containing media MSZ1 and MSZ2 (Table 6 , Figure 1 ), respectively. On these media, plantlets were also the biggest (18 and 15 mm). When apical buds from seedlings were used as explants, the induction of organogenesis and the mean number of plantlets per explant were slightly lower, at 30-82%, and 1.5-2.8 plantlets, respectively. For this explant type the most efficient media was again MSZ1.
The same tested explants (stem segments with leaf nodes and apical buds) on MSI1 medium, which is supplemented with 2-iP and NAA, formed calli with or without miniature buds, but did not develop further. However, on MSB medium containing 2 mg/l BAP these two types of explants formed many small buds as large as 1 mm in 78-85% of the cases . When the latter were transferred for one month to MSB1 medium or MSB2 medium, with BAP levels reduced to 1.0 or 0.5 mg/l, buds enlarged up to 2.11±0.03 cm and 1.78±0.09 cm and doubled in number (5.1±0.08 and 5.2±0.12 buds were plated and 11.02±0.09 and 12.43±1.02 buds were obtained on the respective media). These results are consistent with other reports of BAP inducing organogenesis. For example, shoot formation was achieved more successfully in one study when the concentration of BA was higher than that of NAA [7] . In a parallel set of experiments, explants excised from the seedling root basal area were plated on the same eight media (presented in Table 7 ) used for apical buds and leaf nodes but only callus-like structures developed. In 80% of the cases contamination appeared during cultivation. That was not observed in the other two types of explants mentioned above, (e.g. stem segments and apical buds), which may point to an inner tissue infection or even a hypothetical synergy between the plant cells and pathogens.
Regeneration, multiplication and rooting of regenerants
When shoots reached 2-2.5 cm in size, well-formed individuals were transferred to MSZ1 medium where the formation of new shoots started from the basal part of the plantlets. These new shoots gave rise to 3-6 new plantlets that were 4-6 cm in size after 3 weeks. Growth continued and bigger plantlets were cut to 2-2.5 cm segments with two leaf nodes. These were cultivated on MSZ1 or MSZ4 medium for multiplication. The latter medium (with half as much zeatin and supplemented with GA 3 ) improved plant elongation without affecting the multiplication rate. However, the multiplication index on both media was twice as high (8-10 shoots per explant) in this second round. Due to the cheaper cost of MSZ4 medium we deemed it more appropriate for mass micropropagation, since one regenerant could produce 200-500 plantlets in three months time. Plant regenerants that were 2.5 to 3.5 cm in size were transferred for rooting on eight different nutrient media (Table 8) containing GA 3 in combination with three auxins. Rhizogenesis of more than 58% was observed on the 1/2 MS basal medium as a control and on all variants except for MSR-2, which induced callus formation. This medium contained NAA in contrast to the other media, which contained IBA or IAA. The most efficient rhizogenesis (159 and 165% compared to the control) with respect to percent root induction (92 and 95%) and root length (2 and 2.13 cm) was observed on MSR-4 and MSR-8 media, respectively (Figure 2 ). Both media contain IBA (2 mg/l) and IAA (0.2 mg/l), which may stimulate rhizogenesis efficiency. The level of IBA and the level of root induction (71.42-85.0%) seemed to be positively related. We saw similar tendencies with respect to root length. Higher values for root formation on MSR-4 and MSR-8 media, which both contain IAA in addition to IBA, suggests these two cell regulators have a synergistic effect. Along with rhizogenesis, shoot formation continued. Plants had different propagation rates (2.93-6.78) and heights (3.22-5.84 cm) depending on the media composition. The best results, which doubled the control rate were again achieved on MSR-8 and on MSR-4 media. Increasing IBA levels stimulated the multiplication of plantlets, while gibberellic acid had a positive effect on elongation and the architecture of the regenerants that continued growing. After one month, they reached 8-10 cm and were easy to transfer to pots.
Plant adaptation to greenhouse and natural conditions
Plantlets grown on MSR-8 medium that had reached 5-7 cm with 2-3 cm roots were transferred to small pots full of peat or perlite or soil. However, within 7 days these plantlets died. Plantlets rooted in a mixture of 1:1:2 perlite:peat:soil managed to establish in 57% of the cases (Figure 3 ). The most favorable growth conditions were 22-24°C, PFD of 40 µM m -2 s -1 (16/8 d/n) and 90% relative humidity during the first 3 weeks. Lower humidity decreased survival to 20-40%. High humidity during the first weeks and the combination of rooting substrates appeared crucial for successful adaptation [8] .
After 2-3 months, established plants were transferred to a greenhouse, where the survival rate was 85%. After 6 months these plants were rooted in the experimental field of the Institute of Botany of the Bulgarian Academy of Sciences located in the area of 'Beglika' in the Rhodope mountains at an attitude of 1525 m, 3.8°C average temperature and 1002 mm average rainfall (Figure 4 ). In these field conditions more than 70% of the plants survived the winter season, which is a very high rate of success. In April, intensive vegetative growth began. Plants were wellshaped in stem and leaves, reached 10-12 cm in size in the first two months, and continued their growth into the summer. Regenerated plants flowered, set seed and formed rhizomes like plants in their natural environment. This has not been achieved by other scientists.
Phytochemical analysis of salidroside content
Salidroside content in roots and rhizomes from Rhodiola rosea plants that were propagated in vitro and reintroduced into the wild is presented in Table 9 . In oneand two-year-old regenerants grown in the mountains, salidroside in the rhizome did not differ, reaching 0.64 and 0.61%, respectively. Levels were slightly lower in roots of older plants, 0.53 vs. 0.62%. In contrast, wild plants contain between 0.36 and 0.44% of this valuable substance in their roots and rhizomes [16] . Hence, salidroside content in all samples from reintroduced plants was higher than that in wild plants. Salidroside content was 1.72 and 1.78 times higher than rhizomes and roots of one-year-old plants that developed from seeds. Present data were confirmed by further 
Discussion
Obtaining in vitro cultures that are initially free of pathogenic contamination is a necessary prerequisite for successful explant development. In our experiments only one quarter of the schemes successfully decontaminated explants, which came almost entirely from apical buds and shoots. Our results confirmed the challenge of obtaining pathogen-free material when working with wild species grown in natural conditions. In a similar study, a series of detergent combinations at different concentrations and treatment times were applied to R. rosea and R. iremelica from the Altai and Ural regions [8] . Maximum viability of seeds and apical shoots was obtained after decontamination using hydrogen peroxide, mercuric chloride and ethanol consecutively.
Combining sterilizing agents was effective, too, when leaves from adult wild R. fastigiata plants were used to initiate in vitro cultures [17] . Other authors have been unable to maintain viability with sterility treatments when wild R. rosea plants were used [18] . The choice of the explant type is also crucial. Leaf disks [6, 7, 17] , stem segments [7] , shoot tips and buds [8] and nodes and rhizome buds [18] , from plants taken from their natural environment were used with inconsistent results in experiments with other Rhodiola species. In our initial experiments, the five types of wild plant tissue explants (apical and rhizome buds, stem and rhizome segments, leaf nodes) formed green or pale callus, new shoots, plantlets or leaf rosettes. However, the low efficiency of callus and shoot formation would not allow easy application of these in vitro protocols for plant multiplication or the bioproduction of valuable substances. Excising leaf nodes and apical buds from seedlings cultured in vitro proved to be a good solution for overcoming the problems of working with wild plants. Both explants regenerated shoots with highest efficiency (at least 80%) when plated onto media that contained zeatin. The percentage of organogenesis was similar on the same media. The best media for least efficient morphogenesis from leaf nodes was MSZ1 followed by MSZ2, MSI, MSA1, MSA, MSI2 in order of decreasing effectiveness. The best media for apical bud explants was similar: MSZ1, MSZ2, MSA, MSA1, MSI, MSI2. Good explants could be excised from well-developed seedlings that were 15-25 mm tall.
Seeds development was stimulated by MS medium and by gibberellic acid, resulting in suitable seedlings in less than three weeks. 50-100 mg/l G 3 stimulated earlier induction of germination, while lower concentrations (5-25 mg) resulted in bigger seedlings at an earlier date (by the 15 th day). Hence, there appears to be a compromise between fast germination and fast growth. We recommend lower concentrations because they are less costly in terms of time and chemicals. Also, germination in these experiments was possible without seed stratification [19] .
Successful in vitro work also depends on the optimal interaction of explants with the culture media. When information about a species and/or specificity of the genotype/ecotype is limited, it is a good idea to use of large number of culture media and plant material to ensure success. Furmanowa et al. [6] tested media recipes of Murashige & Skoog, Linsmaer & Skoog, Gamborg, White and Nitsch & Nitsch to find that the last was the best for plant development from shoot tips, while MS media proved to be better than Litvay or White media for the evaluation of the morphogenic potential of R. rosea and R. iremelica [8] . It was also better for callus culture development and regeneration in Tibetan R. rosea [7] . The addition of BA, NAA and IBA also made a difference for in vitro cultures of Rhodiola [6, 7] . Shoot formation was achieved more successfully if the media contain BA or BAP, especially if their levels were higher than NAA levels [7] . Rhizogenesis, on the other hand, was stimulated by an isomolar combination of BA and IAA or by IAA alone [7] . In our experiments, we added a great number of natural and synthetic phytoregulators with different biological activity to our basal MS medium. These phytoregulators were either applied in isomolar concentrations or at several times the level of one of the types. Our observations on the efficacy of BAP in inducing organogenesis coincide with those of other authors. In addition to these compounds, we also included zeatin, 2-iP and thidiazuron in the present study. Zeatin and 2-iP were better than kinetin or BAP at stimulating growth and the formation of shoots from seedling leaf nodes and apical buds. The efficacy of zeatin at stimulating numerous bud/shoot formations was reported earlier by us [20] , and was confirmed in these experiments as well as those of Debnath [13] . In our experiments, rhizogenesis (by both criteria of root formation and root length) was stimulated by IBA in increasing concentrations up to 1 mg/l, but was most efficient when applied in combination with IAA.
The best survival rate (>85%) was achieved during ex vitro establishment of regenerants in phytotrone rooms and in the greenhouse using rooting mixture of perlite, peat and soil in a 1:1:2 ratio. Similar results were reported by others [8] when plantlets were initially established in vermiculite for two weeks in conditions of high humidity and then transferred to a 1:1:1 mixture of soil, peat and vermiculite.
For the first time, salidroside content was determined in plants micropropagated in vitro and reintroduced in nature. We found that salidroside in 1-and 2-year-old plants was much higher than 0.8%, which is the standard content recommended for medicinal purposes [21] . However, it has also been reported that salidroside content of three year old plants was about 2.5 times that of two year old ones [22] . Hence, we could expect to obtain material also suitable for medicinal purposes from in vitro propagated Rhodiola rosea in the third year of cultivation when harvesting is considered the most appropriate [2] .
Conclusions
We have developed efficient schemes for the regeneration and micropropagation of golden root despite the difficulties that come with working with wild species. We show that a range of media and explant type can be used effectively, which allows for flexibility in investigations. These schemes varied in time duration, labor consumption and costs. We recommend the following protocol: seed decontamination by EtOH for 3 min followed by 20% v/v bleach for 15 min; germination on MSG1, MSG5 or MSG7 media; shoot multiplication from seedling leaf nodes or regenerants on MSZ1 or MSZ2 media, or for a longer period on MSB1 or MSB2 media; rooting of plantlets on MSR-8 or MSR-4 media; followed by in vivo acclimatization in a 1:1:2 combination of perlite, peat and soil. The whole process could take about three months: 20 days for seed germination, 30 days for propagation or 20 days for subculture, 20 days for rooting and 15 days for adaptation. In this period more than 100 regenerated plantlets could be propagated from one seedling of rose root. Each regenerant could give three to five explants in further clonal propagation. Thus more than 1000 new plants could be obtained after another three months.
The most remarkable success of this work is the adaptation of in vitro obtained regenerants to wild high mountain conditions, which has not been previously reported. This success should allow the restoration of wild populations and the conservation of germplasm of this endangered medicinal species. Accumulation of biomass by micropropagation and salidroside synthesis by in vitro regenerants confirms the potential of this ecologically-friendly biotechnological method for the production of valuable substances from Rhodiola rosea.
